Spin-flop ordering from frustrated ferro- and antiferromagnetic interactions: A combined theoretical and experimental study of a Mn/Fe(100) monolayer by Grazioli, C et al.
PRL 95, 117201 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending9 SEPTEMBER 2005Spin-Flop Ordering from Frustrated Ferro- and Antiferromagnetic Interactions: A Combined
Theoretical and Experimental Study of a Mn=Fe100 Monolayer
C. Grazioli,1 Dario Alfe`,2,3 S. R. Krishnakumar,4,* Subhra Sen Gupta,5,† M. Veronese,1 S. Turchini,1 Nicola Bonini,6,3
Andrea Dal Corso,6,3 D. D. Sarma,5 Stefano Baroni,6,3 and C. Carbone1
1Istituto di Struttura della Materia, Consiglio Nazionale delle Ricerche, Area Science Park, I-34012 Trieste, Italy
2Department of Earth Sciences and Department of Physics and Astronomy, University College London, Gower Street,
London WC1E 6BT, United Kingdom
3INFM DEMOCRITOS National Simulation Center, Trieste, Italy
4International Centre for Theoretical Physics, Strada Costiera 11, 34100 Trieste, Italy
5Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560 012, India
6SISSA—Scuola Internazionale Superiore di Studi Avanzati, Via Beirut 2-4, 34014 Trieste, Italy
(Received 24 March 2005; published 6 September 2005)0031-9007=The occurrence of a noncollinear magnetic structure at a Mn monolayer grown epitaxially on Fe(100) is
predicted theoretically, using spinor density-functional theory, and observed experimentally, using x-ray
magnetic circular dichroism (XMCD) and linear dichroism (XMLD) spectroscopies. The combined use of
XMCD and XMLD at the Mn-absorption edge allows us to assess the existence of ferromagnetic and
antiferromagnetic order at the interface, and also to determine the moment orientations with element
specificity. The experimental results thus obtained are in excellent agreement with the magnetic structure
determined theoretically.
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(AFM) overlayers on ferromagnetic (FM) substrates deter-
mines the properties of ferromagnetic and antiferromag-
netic multilayers that are key constituents of devices such
as exchange-bias or tunneling magnetoresistance recording
systems. Complex, noncollinear, magnetic structures are
expected at these interfaces, for spin canting minimizes the
exchange energy between a ferromagnet and an antiferro-
magnet that exposes a plane with antiparallel spins [1]. The
resulting spin-flop alignment of the moments in the anti-
ferromagnet, perpendicular to the magnetization in the
ferromagnet, is the microscopic basis of the large coercive
field in exchange-bias devices [2,3]. In spite of the great
interest in these systems, the understanding gained so far
on the basis of semiempirical models has not been vali-
dated by accurate first-principles calculations, nor by a
direct experimental observation of the noncollinear mag-
netic order at the interface. In fact, on one hand, accurate,
fully unconstrained, methods based on density-functional
theory (DFT) for studying noncollinear magnetic struc-
tures have become available only recently [4–6]; on the
other hand, the simultaneous access to both antiferromag-
netic and ferromagnetic ordering, not possible by usual
experimental methods, has become possible by magnetic
circular and linear dichroism methods, using advanced
synchrotron sources.
Thin films of Mn on Fe(100) represent an interesting
case where unusual magnetic structures can occur. For Mn
coverages larger than 2 monolayers (ML), an antiferro-
magnetic coupling between adjacent Mn layers was found
by spin-polarized electron energy loss spectroscopy [7]
and by spin-polarized scanning tunneling spectroscopy
and microscopy [8,9]. In the monolayer and submonolayer05=95(11)=117201(4)$23.00 11720regimes the magnetic structure is expected to be dominated
by the frustration arising between competing ferromag-
netic and antiferromagnetic interactions. DFT calculations
indicate that Mn-Mn interactions in the overlayer evolve
from FM in the diluted (low-coverage) limit [10] to AFM
at a coverage of 1 ML [11]. This behavior was observed
experimentally using spin-resolved core level photoemis-
sion [12] and confirmed by x-ray magnetic circular dichro-
ism [13]. The possible occurrence of a noncollinear spin
order at the interface was suggested on the basis of sim-
plified DFT calculations [14].
The aim of this work is to determine the magnetic
structure of Mn deposited on Fe(100) in the monolayer
regime, using state-of-the-art theoretical and experimental
techniques. Mn=Fe100 has been simulated using fully
unconstrained spinor density-functional theory (SDFT),
which allows for a proper account of noncollinear mag-
netic structures [4–6]. This same system has then been
investigated experimentally by means of a combination of
x-ray magnetic circular dichroism (XMCD) and x-ray
magnetic linear dichroism (XMLD) spectroscopies, which
allows for a direct assessment of ferromagnetic and anti-
ferromagnetic ordering, and also for a determination of the
moment orientations with chemical sensitivity.
Our SDFT calculations have been performed within the
local density approximation [15] and neglecting spin-orbit
interactions. The latter approximation makes the calcu-
lated magnetic structures degenerate with respect to an
arbitrary overall rotation of the magnetization field. At
low pressure and temperature iron has a ferromagnetic
body-centered-cubic structure, while manganese is ortho-
rhombic with a complex antiferromagnetic order. It turns
out that the equilibrium structure of a Mn monolayer is also1-1 © 2005 The American Physical Society
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antiferromagnetic. By constraining all the magnetic mo-
ments to be collinear (which amounts to performing a
conventional local spin-density calculation) a Mn over-
layer on Fe can assume one of three distinct configurations:
in the ferromagnetic structure all the Mn magnetic mo-
ments are parallel to each other and to the magnetization of
the ferromagnetic iron substrate; in the second, antiferro-
magnetic, structure the Mn magnetic moments are antipar-
allel with respect to the substrate magnetization; the third,
ferrimagnetic (FI), structure is finally characterized by an
antiferromagnetic arrangement of atomic moments in the
overlayer, which result alternatively parallel or antiparallel
to the substrate magnetization. It is interesting to notice
that the inequivalence of spin-up and spin-down atoms in
the overlayer may determine some buckling in the surface.
In Fig. 1 (top) we report the energies of the various
magnetic structures relative to the energy of the FM struc-
ture. As a consequence of the stability of the antiferromag-
netic order of an isolated Mn monolayer, and in agreement
with previous studies [11], we find that among these three
structures the FI one is the most stable. The largest stability
of this structure implies that half of the Fe-Mn magnetic
bonds across the interface is frustrated, whether or not
these bonds are preferentially ferromagnetic or antiferro-
magnetic. The FM structure is actually slightly more stable
than the AFM one, indicating that the exchange interaction
between Mn and Fe atoms is preferentially ferromagnetic.
In Fig. 1 (bottom) we report the magnitude of the calcu-
lated atomic moments, defined as the integral of the mag-
netization inside a sphere centered on the atoms and with a
radius equal to the nearest neighbor distance. We note that
in the FI structure the Mn surface layer has nearly zero total
magnetization, in accordance with the experimental find-
ings of Ref. [13].µ 
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FIG. 1 (color). Top panel: total energies of the FM, AFM, FI,
and NC structures relative to the FM structure. Bottom panel:
magnitude of the atomic magnetic moments in the various
structures. For the FI structure "" and "# indicate the Mn atom
with magnetic moment parallel and antiparallel to the underlying
Fe atoms, respectively.
11720When the constraint of spin collinearity is released, the
frustration of the magnetic bonds across the interface
drives a rotation of the Mn moments resulting in a chess-
board arrangement where these moments form angles of
 80 with respect to those of the underlying Fe atoms
[17]. This noncollinear (NC) structure is depicted in Fig. 2.
We note that, with such an arrangement, the magnetic
interactions between Mn and Fe are the same for all the
Mn atoms, which are therefore all structurally equivalent.
The almost perpendicular orientation of the Mn moments
corresponds to a quasi-antiferromagnetic order in the Mn
plane, still avoiding the magnetic frustration experienced
in the collinear situations. We find that this NC structure is
more stable by about 35 meV=atom than the FI collinear
structure (see the top panel of Fig. 1), and should therefore
be clearly observable also at room temperature. The de-
parture from a 90 orientation is small, but possibly sig-
nificant. In fact, as reported above, among the collinear
structures the FM one is slightly more favorable than the
AFM one, and this may be the cause of the small ferro-
magnetic bias in the NC structure.
Using XMCD and XMLD at the Mn L2;3 edges we
examined the magnetic structure of submonolayer and
monolayer (0.1–1.0 ML) Mn films deposited on Fe(100).
The samples were grown in situ in the 1010 mbar range
using a quartz-crystal microbalance to control the thick-
ness. As a first step, an Fe(100) surface was epitaxially
grown on a clean and ordered Ag(100) single crystal
surface [18] and magnetized in remanence along the
Fe[001]. The thickness of the Fe film was above 50 ML
in order to suppress Ag surface segregation. A wedge of
Mn in the range of 0–1.1 ML was prepared. The experi-
ments were performed at the 4.2 beam line ‘‘Circular
Polarization’’ at the ELETTRA storage ring, using ap-
proximately 95% linearly or 70% circularly polarized light
and were collected in the total electron yield mode.µ B1.38
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FIG. 2 (color). Schematic view of the Mn=Fe magnetic inter-
face.
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FIG. 3. (a) XMCD data at the L2;3 edges for 1 ML of Mn.
(b) Mn L2;3 x-ray-absorption spectroscopy for 1 ML of Mn as a
function of the angle  between E and the surface normal. The
difference spectra are plotted at the bottom.
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FIG. 4. XMLD effect (a) for the polar and (b) for the azimuthal
rotations. The intensity ratio of the Mn L2 double peak structures
is used to measure the intensity of the effect.
FIG. 5. (a),(b) Simulation of the absorption spectra for the two
polarization directions after suitable broadening. (c) Comparison
between the simulated and the experimental XMLD.
(d) Simulated PI=PII intensity ratio.
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dichroism. The XMCD data measurements performed at
different Mn thicknesses for the submonolayer regime (not
shown here) are in accordance with Rader et al. [13] and
Dresselhaus et al. [19]. For less than 1 ML we observe an
XMCD effect of the Mn adlayer opposite to that of Fe,
which is a proof of long-range ferromagnetic order of the
adlayer aligned antiparallel to the magnetization in the Fe
substrate. The net magnetization of Mn decreases with
increasing thickness and approaches zero for 1 ML, thus
pointing out a rather smooth transition from a ferromag-
netic to an antiferromagnetic arrangement. The XMCD
data measured on 1 ML are reported in Fig. 3(a).
The XMLD was obtained by keeping the direction of the
electric vector E of the incident linearly polarized light
fixed in space and rotating the sample as illustrated sche-
matically in Fig. 4. Since the XMLD effect is maximized
when the magnetization is switched between parallel and
perpendicular to the photon polarization, the sample was
rotated in the polar geometry [Fig. 4(a)]. Finally, the
sample was rotated in the azimuthal geometry [Fig. 4(b)].
The absorption edges recorded for in-plane and for out-of-
plane polarization (polar rotation) are shown in Fig. 3(b).
The features of these spectra can be identified with multi-
plet structures in a high-spin state with predominant
Mn-3d5 configuration, suggesting a local magnetic mo-
ment larger than 3:5B. We note that DFT calculations
may underestimate the magnetic moment in the case of Mn
[20].
The intensity ratio between the L2 well defined double
peak structures (labeled as PI and PII) turns out to be well
suited to detect the spectral changes. The intensity ratios
for the two rotation geometries, reported in Fig. 4, show
that the polar measurement has a regular dependence as a
function of the angle, while the azimuthal one is much less
pronounced. This indicates that the magnetic moments
have preferential alignment with respect to the surface
plane. The analysis of the PI=PII intensity ratios, as dis-11720cussed below, supports the idea that the orientation is
perpendicular to the surface [21].
We have simulated the spectral line shapes by exact
diagonalization of an atomic many-body Hamiltonian,
based on a fully coherent spectral function given by
Iq!  njv;chnfNjayvacjGNihvjrC1q jcij2
 @! 	EnfN  EgN
:
The irreducible components of the dipole operator are
defined as T1q  rC1q , where q  0;1;1 correspond
to z linearly polarized, right circularly polarized, and left
circularly polarized light, respectively, and C1q are nor-
malized spherical harmonics [22,23].
In Figs. 5(a) and 5(b) we show the results of the spectral
simulations. By using different combinations of the irre-
ducible components of the dipole operator T1q , we are able
to simulate the Mn L2;3 spectra as a function of the ori-
entation between the magnetic moment on Mn and E: I0
for E k  and 12 I  I for E ? . In terms of the line
shape, the agreement with the experimental spectra of1-3
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Fig. 3(b) is very good. Remarkably, also the calculated
spectra display the line shape modifications (changes in the
relative peak intensities and relative peak energy positions)
that have been detected experimentally. As shown in
Fig. 5(c), the XMLD spectrum, which carries all informa-
tion about the line shape changes, is well reproduced by the
simulated XMLD line shape calculated as I0  12 I  I. The calculated PI=PII intensity ratio, assuming
perpendicular orientation of the Mn moments with respect
to the surface plane, also simulates the angular dependence
of the experimental results. We can conclude that the
magnetic moments of Mn are aligned out of the surface
plane, perpendicular to the Fe magnetization.
It is known from the experimental works in Refs. [8,9]
that in thicker Mn(100) films the layers are coupled anti-
ferromagnetically to each other. The growth of Mn over a
step edge of the substrate gives rise to a topological frus-
tration among adjacent layers with opposite magnetization
direction [8]. The magnetic frustration is, in such a case,
relaxed through the formation of a narrow and magneti-
cally noncollinear structure, similar to a 180 domain wall,
with a lateral extension of the order of a few nanometers. In
the present case, instead, the noncollinear magnetism of
the system intrinsically derives from the competing ex-
change interactions between the monolayer and the sub-
strate moments, and therefore uniformly extends over a
macroscopic area. This mechanism may also lead to the
development of similar spin-flop structures in other mono-
layer systems, where the exchange interaction within the
antiferromagnetic monolayers prevails, but does not over-
whelm, the coupling with the ferromagnetic substrate.
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